This review introduces, defines and critically reviews a number of chlorophyll fluorescence parameters with specific reference to those derived from continuous excitation chlorophyll fluorescence. A number of common issues and criticisms are addressed. The parameters fluorescence origin (F 0 ) and the performance indices (PI) are discussed as examples. This review attempts to unify definitions for the wide range of parameters available for measuring plant vitality, facilitating their calculation and use.
Introduction
Chlorophyll a fluorescence (CF) is one of three fates of light, following interception by a leaf (and other photosynthetic organs). Alternative fates of light following interception are dissipation (i.e., heat or non-photochemical quenching) and photosynthesis (photochemistry) (Roháček and Barták 1999, Maxwell and Johnson 2000) . Importantly, these fates are linked; a change in one results in a change in the other two (Maxwell and Johnson 2000) , it is this phenomenon that allows measurements of CF to be particularly useful to practitioners. Chlorophyll fluorescence measurements provide information on the status and function of photosystem II (PSII) reaction centres and antenna on the donor (P680) and acceptor (pheophytin) sides . While this information may seem highly specialist it has been used to measure and in some cases categorize a range of stresses impacting the photosynthetic processes (Mohammed et al. 2003) . It has been used extensively to identify stress and stress responses in plants (Baker and Rosenqvist 2004) , algae (Kodru et al. 2015) and other photosynthesizing organs (DeEll and Toivonen 2003) . A number of researchers have identified highly suitable CF measurment parameters for specific plant stresses. However, as suggested by Lazár (2015) the high number of parameters available from CF is likely to confuse researchers. The inconsistency and haphazard method by which some parameters are defined and referred to within the literature provides further difficulties (Baker and Rosenqvist 2004) . Parameters are often disconnected from their calculable foundations, in some cases making interpretation difficult and/or preventing the utilization of these parameters. The aim of this paper is to define and outline CF parameters used within a wide range of studies; however, first we must introduce the physiological basis behind the measurement itself.
Chlorophyll a fluorescence is a form of photoprotective energy dissipation, when a very small amount of excess light energy (usually about 1-2% of total absorbed light), absorbed by chlorophyll molecules, is reemitted as light (Maxwell and Johnson 2000) . The widely discussed and generally accepted physiological basis of CF is known as the Q A model . The Q A model explains the fluorescence rise from minimum (F 0 ) to maximum (F M ) fluorescence, occurring within 200-300 ms following dark to light exposure of photosynthetic material. Chlorophyll fluorescence was originally discovered visually by Kautsky and Hirsch (1931) and is now widely described as the Kautsky effect. However, it was not until Duysens and Sweers (1963) that the Q A model was first proposed. The fluoresence rise from F 0 to F M indicates the reduction of the PSII downstream acceptor quencher, plastoquinone, primarily Q A Govindjee 2011, Schansker et al. 2014 ). Q A is unable to accept more than one electron from PSII, therefore it must first pass on the electron to the subsequent two-electron carrier Q B (see Figure 1) . The resulting delay causes the reaction centres to be in what is known as a 'closed state', reducing the efficiency of photochemistry and subsequently increasing photoprotective energy dissipation, resulting in both an increase in fluorescence yield and non-photochemical dissipation (i.e., heat) (Maxwell and Johnson 2000) . Importantly the rate and relative magnitude of the fluorescence yield increase is reflective of PSII efficiency. The Q A model makes a number of assumptions: (i) that the PSII unit is homogeneous, (ii) that the physiological state remains the same during the measurement from F 0 to F M (rate constant) and (iii) that the rise from F 0 to F M reflects the reduction of Q A (to Q A − ); i.e., at F M all Q A molecules are completely reduced Govindjee 2011, Schansker et al. 2014) . Additionally during measurements made at room temperature the contribution of photosystem I (PSI) is considered to be constant and very low (Stirbet and Govindjee 2011) .
Intermediate steps: OJIPSMT
When viewed on a logarithmic scale a fast polyphasic response (widely known as OJIP, see Figure 2 ) is observed, with intermediary steps labelled F J and F I . The F 0 to F J stage is known as the photochemical phase (or single turnover phase; Strasser et al. 2004 , Bussotti et al. 2011 and is influenced by the intensity of the exiting light; F J to F I and F I to F P are known as the thermal phases Govindjee 2011, Schansker et al. 2014) . The Q A model, although the 'most credible interpretation' (Stirbet and Govindjee 2012, p. 47) , does not fully elucidate the cause of these intermediary steps in the fast fluorescence rise, multiple interpretations exist (see Table 1 in Govindjee 2012, Schansker et al. 2014 ). Other processes have been proposed during the fast induction kinetics besides Q A quenching (see Stirbet and Govindjee (2011) for more information), however currently it is still generally accepted that Q A photoreduction is the primary cause of fluorescence yield change from F 0 to F M . The thermal phase (JIP) is known to be influenced in some part by PSI activity (Ceppi et al. 2012) , however this contribution is ignored when measuring at room temperature and at wavelengths below 700 nm (Murchie and Lawson 2013) . Despite this Oukarroum et al. (2009) determined that relative loss of the I-P phase (ΔV IP ) is reflective of PSI in varieties of drought-stressed barley and chickpea.
Following the rapid OJIP rise, the fluoresence level begins to reduce (decay) across the course of a number of minutes. This Kalaji et al. (2014) . On the left hand y-axis, the unnormalized F scale associated with the complementary 'Area' and on the right y-axis, the V scale double normalized between O and P associated with the normalized area S m .
Tree Physiology Online at http://www.treephys.oxfordjournals.org is called SMT, where S = semi-steady state, M = maximum and T = terminal steady state. This slow phase is termed fluorescence quenching and is thought to be caused by two quenching mechanisms (Stirbet and Govindjee 2011) . First, photochemical quenching, which is achieved by an increase in the efficiency of electron transportation away from PSII due to light-induced activation of a number of enzymes involved in carbon metabolism and stomatal opening. Second, non-photochemical quenching, where energy is converted to heat (Maxwell and Johnson 2000) .
Two main types of chlorophyll fluorimeters are available, pulse amplitude modulated (PAM) and continuous excitation fluorimeters (CEFs). This paper will focus on CEFs, which may represent greater suitability for use by practitioners owing to their relative lower cost, speed of sample throughput and simplicity of use. The PAM fluorimeters do, however, have the potential to provide specialists with more information pertinent to those involved in physiological research. Other measurements of chlorophyll fluorescence such as passive, laser-induced, solar-induced, multisignal and delayed fluorescence are not covered in any detail in this review, although some overlap in parameters and calculation may exist.
The PAM fluorimeters are perhaps the most widely used fluorimeters within research studies (Roháček and Barták 1999, Lazár 2015) ; they are also the subject of a number of excellent reviews for practitioners (Maxwell and Johnson 2000, Baker and Rosenqvist 2004) and will therefore only be introduced briefly here. Pulse amplitude modulated fluorimeters will in most cases measure the fast (up to 1 s) chlorophyll fluorescence induction kinetics (FIKs), slow fluorescence decrease and steady state fluorescence; additionally, most instruments are capable of measuring dark-and light-adapted samples (Roháček and Barták 1999, Lazár 2015) . Pulse amplitude modulated fluorimeters get their name from the pulse of light that comprises one of the three sources of light used during the PAM measurements. These are, far-red, continuous and pulse light. Far-red light is used to saturate the electron transport chain (ETC) (Lazár 2015) . Actinic and saturating light (this can be white, red or blue light) is used to drive photosynthesis, whereas the pulse light is used to measure photosynthesis (Lazár 2015) . 'Amplitude' comes from the method the PAM fluorimeter uses to derive the output, which is the difference between the signal during and after the pulse light (Lazár 2015) . This, importantly allows PAM fluorimeters to measure under natural lighting conditions. Many of what might be considered the fundamental parameters of PAM fluorometry also overlap with CEF.
Continuous excitation fluorimeters measure ultra-fast high resolution FIKs that occur in less than 1 s .
Techniques have been applied to take advantage of the high data acquisition capabilities of these devices, thereby expanding the range, complexity and potential suitability and specificity of subsequent parameters. The JIP-test is perhaps the most widely cited within research studies. Additionally, there are lesser utilized calculations such as the estimation of Q B and non-Q B -reducing reaction centres by using the 'double tap' method , Mathur et al. 2011 or the V 0j300 parameter used to indicate a 'K' peak, commonly associated with heat stress (Desotgiu et al. 2012) . It is important to note the huge step forward in the suitability of this method that occurred following the development of JIP-test parameters; reviews such as Maxwell and Johnson (2000) occurred prior to this and references to continuous excitation measurements are now out of date. It is however important to be aware that CEFs are currently unable to provide parameters capable of measuring under background illumination, resulting in an inability to provide measurements of both photochemical and non-photochemical quenching (Maxwell and Johnson 2000) . Additionally, some parameters claiming to provide detailed information of PSII activity, antenna size and electron transport have gained criticism, (Murchie and Lawson 2013) . Despite the criticism Murchie and Lawson (2013) acknowledge that the technique is highly valuable for crop phenotyping and stress detection. With correct data normalization and, if necessary, corroboration of data with supplimentary methods of vitality assessment, highly robust measurements can still be attained. Additional empirical support is, however, welcomed to facilitate further meaningful interpretation of some parameters. However, clear parameter definition to a foundational fluorescence basis is essential in order to facilitate additional research.
It is common for practitioners to attempt to use CF measurements to suggest specific impacts on the whole organism and put measurements into context. This is commonly desired in research studies where PAM fluorimeters are commonplace. The PAM parameters, photochemical efficiency (F q ′/F M ′ = (F M ′ − F′)/F M ) and electron transport (ϕPSII × irradiance), have been found to correlate with the rate of C0 2 assimilation in controlled conditions (Maxwell and Johnson 2000 , Govindjee 2004 , Murchie and Lawson 2013 . However, in field conditions (in C 3 plants) this is unlikely to be the case as the multitude of potential stressors (primarily: photoinhibition, stomatal closure, temperature and the Mehler reaction) will alter this relationship (Maxwell and Johnson 2000, Murchie and Lawson 2013) . Although CF is a valuable tool, it cannot currently replace direct measurements of photosynthetic rates if these measurements are required. It may be necessary to connect measurements of CF with additional measurements in order to build a whole picture of the photosynthetic system. This is therefore commonly undertaken in order to further elucidate the extent and type of damage or adaptations within the photosynthetic system (Percival and Sheriffs 2002 , Smethurst and Shabala 2003 , Guo et al. 2005 , Murchie and Lawson 2013 . Recent developments in infra-red gas analysers (IRGA) have included the capacity to take readings of CF in parallel with gas exchange measurements for this reason (Li-COR 2017) .
The widespread, almost ubiquitous inclusion of CF measurements into screening and physiological studies has led many authors to point out the complex theoretical background to this Tree Physiology Volume 37, 2017 practically simple technique. Chlorophyll fluorescence is typically reviewed from a biophysicist's or molecular plant physiologist's point of view, compounding difficulties interpreting data (Maxwell and Johnson 2000) . It is for this reason that information sharing and clear explanation is critical to facilitate understanding among researchers and practitioners.
Foundational parameters
The foundational basis for all FIK parameters (utilizing a single flash (often 1 s), most common among studies) involves four steps: 0, J, I and P. These can also be described in a time format: 0 μs, 2 ms, 30 ms (I) and max (M, alternatively P is used if full saturation is not achieved) (see Table 1 ). Here 'F' precedes letters or time points to denote fluorescence stages. Additional parameters used by the JIPtest includes 150 μs (L step), 300 μs (K step), 60 ms, time to maximal fluorescence (Tfm, also widely called Tf(max)) and the area above the fluorescence curve (Area or A MAX ) . However, 150 μs and 60 ms are not used in any parameter subsequent to Strasser et al. (2000) (see Strasser et al. 2004) . One additional parameter that is worth including here because of its pervasive nature is variable fluorescence or F V (F V = F M − F 0 ). The OJIP transients are occasionally referred to, including the L and K steps also (OLKJIP); however, L and K peaks have been shown to only respond to specific stressors (Oukarroum et al. 2016a (Oukarroum et al. , 2016b .
Unfortunately, many differing descriptors exist to identify a number of commonly used parameters, all of which are fundamentally based on those listed above. It is for this reason that clarity is required; authors should be mindful to cite the fundamental bases of parameters in order to facilitate an understanding of those replicating or comparing articles. In most cases the literature does not clarify if differing descriptors serve a particular function. A lack of clarity here results in potential uncertainty within research studies. Numerous, apparently identical descriptors are encountered with the parameters F V /F M , M 0 and 1 − V J (see Table 2 ).
Fluorescence origin
Differing maximum fluorescence intensities are distinguished in the form of saturating maximum (F M ) and non-saturating maximum/peak fluorescence (F P ); however, no distinguishing notation exists to identify if F 0 is calculated using a regression model to predict the so-called true Table 1 . Basic extracted and technical parameters from which all JIP-test parameters are devised (Srivastava et al. 1997 , 2004 , Hansatech Instruments 2006 . . 'An increase in F 0 has been attributed to the physical separation of the PSII reaction centres from their associated pigment antennae resulting in blocked energy transfer to PSII traps' (Srivastava et al. 1997, p. 97) .
Parameter Synonym Description
Position of L step (either 100 μs or 150 μs are used) (Oukarroum et al. 2007 ). F K F3, K peak, F 300μs Position of K peak (300 μs). This peak occurs in response to heat stress. F J F4, F 2ms Position of J step (2 ms).
Fluorescence intensity of I step (at 30 ms).
Maximal fluorescence, where all reaction centres are closed (≈ maximum absorption flux). F P Peak fluorescence F P is used in place of F M to differentiate when light levels are not at fully saturating intensities. This value is more commonly used with older devices that are not capable of reaching
Time to maximal fluorescence. Area A MAX Area above the fluorescence curve. Table 2 . Clarification of parameters with many synonyms. Tree Physiology Online at http://www.treephys.oxfordjournals.org authors do not define which F 0 is used (Mathur et al. 2011 and PI, to name but a few. The severity of the problem is due to the fact that M 0 is in part derived using a function calculating the slope between 'F 0 ' and 300 μs. In the cases of estimated true F 0 , 3.3 should be used; however, if using F 50μs , 4 should be used (see Eq. (1)). Errors of this type can cause up to 20% variation in PI ABS . For clarity and repeatability we suggest that F 0 orF 0 are appropriate to identify only estimated F 0 , and F 50μs should be used when 50 μs is used.
Parameter Synonyms Source
Equation (1) is the initial calculation used in the calculation for M 0 , where TF 0(μs) is the time at F 0 in μs (adapted from Strasser et al. 2004 and Metrope Tsimilli-Michael 2016 , pers. comm., 29 April 2017 ).
Equation (2) is the M 0 calculation adapted from Tsimilli-Michael et al. (2000), Živčák et al. (2008) , Gravano et al. (2004) and Strasser et al. (2000 Strasser et al. ( , 2004 (F K = F300 μs). Conversely to the above equations, Strasser et al. (1995) define M 0 as (F 300μs − F 50μs )/(F M − F 40μs ) and Srivastava et al. (1997) define M 0 as (F 150μs − F 50μs )/(F M − F 50μs ), both leaving out x and varying the equation above slightly. Krüger et al. (1997) do not define the M 0 calculation in foundational terms. It appears that at some point between Strasser et al. (1995) and Strasser et al. (2000) x × was included in the calculation for M 0 .
The importance of appropriate parameter definition and citing the source of origin is therefore clear when using CF for research studies and screening trials. For this reason a number of the most widely utilized parameters will be defined, providing synonyms, calculation, a brief description and source where possible (see Table 3 ).
Performance index
Many differing forms of calculation are cited for the chlorophyll fluorescence parameter known as the performance index (PI). Performance index is multi-parametric as well as multi-typal, PI can be expressed as either: total (PI tot ), cross section (PI CS0 or PI CSM ) or absorbance (PI ABS ) basis (see Table 4 ). However, no information currently exists to explain which expression is most appropriate for differing situations. In fact, a number of papers do not define which PI is being used (see Clark et al. 2000) . PI ABS is the most frequently utilized form of the parameter and shall therefore be discussed here. PI ABS also forms the foundational basis of all PI parameters where: PI CS0 and PI CSM includes the multiplication of F 0 and F M respectively (ABS/CSm is often substituted in this circumstance to denote estimated absorption flux), PI tot includes δ R0 (1 − δ R0 ) (δ R0 may also be referred to as δ RE10 ) δ R0 is equal to (1 − V I )/(1 − V J ) (Stirbet and Govindjee 2011) .
PI ABS is a complex parameter derived in analogy to the Nernst equation of redox potential (Oukarroum et al. 2007 ). PI ABS is often referred to as burgeoning from three independent parameters encompassing the active reaction centres per absorption (RC/ ABS), the yield of primary photochemistry (φ PO ) and the efficiency of electron movement into the ETC (ψ 0 ) (Appenroth et al. 2001) . In simplistic terms the parameter is all encompassing, identifying perturbations within the fast FIK. It identifies alterations in FIK with and importantly between F 0 and F M , and therefore provides more information than parameters containing only combinations of F 0 and F M . Explanations of PI are highly varied and often only referred to briefly, and in some cases using only parameters that have not been defined (Desotgiu et al. 2012) . Although no calculable error exists in the equations below it is clear a unified approach is needed to prevent convoluted, disconnected and non-specific explanations. Varying example descriptions are shown below. 
Dao and Beardall (2016) We suggest, where possible, foundational fluorescence terms should be used:
Equation (3) is the performance index expressed in foundational terms.
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Maximum quantum yield of PSII. Indicates the probability that a trapped photon will end up in the reaction centre and cause a photochemical event. Srivastava et al. (1997) , Maxwell and Johnson (2000) , Rosenqvist and van Kooten (2003) , Hansatech Instruments (2006), Stirbet and Govindjee (2011) 
Has been shown to decrease with frost hardening from about 6.0 to 4.0/ 2.0 (upper/lower surface). It also increases quickly in healthy tree foliage. Strasser et al. (2000) Area
Mohammed et al. (2003)
The area above the fluorescence curve. It is proportional to the pool size of the electron acceptors Q A on the reducing side of PSII. Roháček and Barták (1999) , Strasser et al. (2004) , Hansatech Instruments (2006) PI ABS
PI is an indicator of sample vitality. It is an expression indicating the internal force of the sample to resist constraints from the outside. (Further discussion below).
Clark et al. (2000), Percival and Fraser (2001) , Strasser et al. (2004) , Hansatech Instruments (2006) RC ABS
The density of active PSII reaction centres expressed based on the quantity of light absorbed by the antenna. 
Relative variable fluorescence is used to normalize fluorescence measurements at set time points (F t ), to facilitate comparison. Srivastava et al. (1997) , Strasser et al. (2000) 1
Describes the efficiency that a trapped excitation can move an electron into the ETC from Q A − to the intersystem electron acceptor. 
Relative amount of Q B non-reducing PSII centres. (1 − Vo(Bo) = Q B reducing centres). 
Heterogeneity of PSII from fluorescence rise. Mathur et al. (2011) Tree Physiology Online at http://www.treephys.oxfordjournals.org
Mathematical simplifications can be made (see Eq. (4)) that improve on the convoluted nature of Eq. (3). However, further simplification reduces Eq. (3) from the three-stage nature of most explanations of PI ABS . It is however, possible to retain the foundational basis of the equation and further optimize the equation to facilitate efficiency of description.
Equation (4) further simplification of the PIABS equation.
Future methods
Recent methods of data interpretation have transitioned away from a single parameter approach and attempted to view multiple parameters in relation to each other; often displayed as a radar plot, the shape of the resulting plot has been coined the fluorescence fingerprint or fluorescence barcode. Interpretation is possible when visualized as radar plots (see Figure 3) , however, computational pattern recognition facilitates quantitative recognition and has been shown to identify plant species (Tyystjärvi et al. 1999 , Codrea et al. 2003 , drought stress (Goltsev et al. 2012) , and both virulent and avirulent strains of Pseudomonas syringae (Berger et al. 2007 ). The potential practical implications of this method of interpretation have not yet been exploited for practitioners. Keränen et al. (2003) discuss the implications of species identification for precision farming, using the technology for targeted herbicide applications. However, a system capable of specific stress identification could have wider implications for plant diagnostics in agriculture, horticulture and arboriculture, identifying stressors prior to visual symptoms becoming apparent. While the potential for such systems is large, current research is limited, this is most likely owing to the requirement for large, highly controlled training datasets. Recent developments in CEF devices, such as multi-signal instruments and delayed fluorescence, are also in their infancy, with further research needed to provide a sound physiology basis to the readings (Stirbet and Govindjee 2011 , Oukarroum et al. 2016a , 2016b ).
Conclusion
The degree to which fluorescence parameters have become convoluted is clear. A unified approach is required to facilitate improved understanding and utilization of this technology by researchers and practitioners not knowledgeable in the areas of biophysics or molecular plant physiology. Widely utilized foundational parameters have been defined here, as well as some additional parameters that may prove promising. Further work is, however, required to identify and clarify parameter response to specific plant stresses. Further work is also required to evaluate the potential of fluorescence fingerprinting as a future direction of this technology. (Strasser et al. 2004, Stirbet and Govindjee 2011 
